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ABSTRACT
Managing weeds is one of the most challenging aspects of growing specialty crops. Weed
control options are limited for specialty crops due to absence of effective herbicide options. The
limited current herbicide options risk carryover and damage to subsequent crops. Bacterial wilt is
another problem causing significant yield losses in southeast vegetable production. After the
termination of methyl bromide due to health and environmental concerns, several other chemical
fumigants

gained

interest,

including

1,3-dichloropropene,

chloropicrin

and

metam

sodium/potassium. While less toxic to the environment than methyl bromide, these fumigants
pose carcinogenic and mutagenic threats. Alternative weed control and diseases management
tactics are needed. Anaerobic soil disinfestation (ASD) has the potential to fit into current pest
management. ASD is a fumigation alternative, carbon source-driven soil microbial process that
creates antagonistic conditions, such as microbial community shifts, production of volatile
organic compounds, reduced soil pH and higher anaerobic conditions that can inactivate certain
weed seeds and soil borne pathogens. Two experiments were conducted jointly at Clemson
University Coastal Research and Education Center and USDA ARS vegetable laboratory,
Charleston, South Carolina to utilize ASD for controlling weeds and bacterial wilt in tomato. The
objective of first study was to evaluate the potential of various mix carbon amendments in ASD
procedure to control weeds and Ralstonia solanacearum in native South Carolina soil in organic
settings. The second study was carried out to test best ASD treatment from first study along with
herbicide applications for Cyperus esculentus L. CYPES control. The results suggested that ASD
incorporated with mixed treatments can effectively maximize weed and bacterial wilt
management in tomato production. Additional research is needed to further evaluate these
treatments via field trials with high existing pest pressure at multiple sites within multiple soil
types.
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CHAPTER ONE
Literature Review
Introduction
Vegetable crop production is economically important in the United States (US).
Tomato (Solanum lycopersicum L.) pepper (Capsicum annum L.), and eggplant (Solanum
melongena L.) are among the world's most-produced Solanaceous vegetable crops
(FAOSTAT 2021). Nearly all fresh market production of these crops in South Carolina and
other states in the US are cultivated using plastic mulches. Plastic mulches are widely used
in vegetable production as they offer benefits such as promoting early growth of
vegetables, weed suppression, uniform soil moisture, and increased yields (Lamont 2005;
Zhang et al. 2019). However, plastic mulch does not adequately control all weeds.
Nutsedge species (Cyperus spp.) are troublesome in polyethylene mulch production
because of their morphological features such as pointed leaf tip and strong midrib, that
enable them to puncture polyethylene mulch, greatly diminishing the plastic's durability
and longevity (Adcock et al. 2008; Santos et al. 1997). The resulting loss of integrity of the
plastic mulch due to punctures allows other broadleaf and grass weed species to emerge on
raised plastic mulched beds, interfering with crop growth, and causing a reduction in the
crop yield (Norsworthy et al. 2008). In addition to weeds, soil-borne diseases are another
potential limiting factor for Solanaceous vegetable crops. For example, Ralstonia
solanacearum, a bacterium that causes bacterial wilt of solanaceous plants, is commonly
found in southern soils and can stay in infected soil for more than ten years (Jerry Brust
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2020; Robertson et al. 2005). R. solanacearum is extremely difficult to eliminate once
introduced in the field due to a lack of adequate chemical controls.

Initially, chemical soil fumigants such as a mixture of methyl bromide and other
fumigants were widely used in the polyethylene mulch vegetable production method to
combat pests. (Duniway 2002; Schneider et al. 2003). However, the soil fumigant methyl
bromide has been phased out due to health and environmental concerns. Numerous studies
have been conducted to find effective soil-borne phytopathogen and weed control
alternatives. Following the methyl bromide phase-out, specialty crop growers have
struggled to find effective techniques controlling soil-borne diseases and weeds. Due to the
restrictions on the licensing of novel chemical fumigants, growers have been unable to
obtain any product that provides the same level of pest control as methyl bromide.
Although numerous other fumigants have gained interest for preplant soil fumigation in
vegetable plasticulture, including 1,3-dichloropropene, allyl isothiocyanate, chloropicrin,
methyl isothiocyanate, and dimethyl disulfide (Rosskopf et al. 2005; Zasada et al. 2010;
Yu et al. 2019; Yu et al. 2021). However, due to carcinogenic and mutagenic concerns, the
currently registered synthetic-based fumigants will most likely be phased out in the same
manner as methyl bromide. In addition, lack of viable methods for treating pests, some
specialty crops have been unable to thrive organically. Whether certified organic or not,
two decades of global agronomic research have concentrated on increasing the efficacy and
understanding of viable alternatives to disease, nematode, and weed management
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techniques impacting domestic and global specialty crop production. Additional
sustainable pest management solutions are required.
In plasticulture production, vegetable producers have to make many decisions in a
short interval of time because the production of multiple crops in a sequence is common in
farms. Most of the time, single plastic mulch is used for multiple crops. Therefore, growers
need to adopt some type of soil fumigation methods to control pests such as weeds and
soil-borne plant diseases. With the lack of any soil disinfestation, growers may have
difficulty controlling these pests, resulting in yield loss. The purpose of this review is to
summarize published research on non-chemical/biological alternatives for weed and
bacterial wilt management in specialty crops.

Weed problem in vegetable plasticulture production
Vegetables are susceptible to weed competition and must be kept weed-free during
their early stages of growth. Weeds not only affect vegetable yields, but also their quality
and market value (Brown et al. 2018). If left unchecked, weeds can reduce yields by 30 to
95 percent in vegetable production systems (Ampong-Nyarko and De Data 1991; MoralesPayan et al. 1997) and can result in a loss of value between 8% and 13% for specific
vegetables (Pimentel et al. 1991). Plasticulture is a widely used weed management
technology that prevents their germination and growth. Weed management is essential in
plasticulture production as it is in bare-ground production. However, because chemical
options are limited and other mechanical methods are unavailable, weed control strategies
in the plasticulture system are complex. While plasticulture is effective against many
3

weeds, some weeds such as nutsedge species are resistant to plasticulture due to their
specific morphological characters. These weeds make easy ways for other weeds to grow
out and compete with the main crop (Figure 1.1). Nutsedge species are one of most
widespread and problematic weed species in vegetable crops in the United States (Van
Wychen 2019, Webster 2010). They can reduce vegetable yields by up to 89 percent
(Morales-Payan et al. 1997). Moreover, other weeds may also grow from the planting holes
on the plastic mulched beds. Palmer amaranth can reach to a height of over 2 meters in a
plasticulture system, shading out tomato plants and decreasing quantity and quality of fruit
yield (Garvey et al. 2013). Other broadleaf and grass weed species can grow out from crop
transplant holes, tears, and sides of the raised beds, interfering with crop growth and
causing a reduction in the crop yield. (Norsworthy et al. 2008).

Current methods for weed control and difficulties in plasticulture
Previously, the plasticulture method used methyl bromide fumigation to improve
plant growth, early flowering, early yield, and pest control (Wien and Minotti 1987, 1988).
The elimination of methyl bromide increased the possibility of weed infestation and soilborne pathogens in the plasticulture system. Some of the currently available weed control
methods in the plasticulture system include crop rotation, stale seedbed, soil solarization,
and herbicide use. Crop rotation provides a changing growing environment for different
crops, which inhibits the development of companion weed populations (Fennimore et al.
2014). However, in specialty crops for growers with limited crop rotation options, this
method is not favorable. Stale seedbed is another method growers use for controlling weeds
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in plasticulture. Stale seedbeds allow non-dormant weeds to grow out from the germination
zone of a seedbed before crop planting and then chemically or manually eliminate the weed
seedlings. However, dormant weed seeds remain viable in soil weed seed banks and emerge
later, competing with crops. Soil solarization has been used for pest control in specialty
crops for many years, which involves using clear plastic mulch to trap heat generated by
the sun's rays in the soil (Katan 1981; Gamleil et. al, 2000). However, the performance is
highly dependent on ideal weather conditions to increase solar heating in the soil, and the
lengthy treatment process (>2 months) discourage growers from using solarization.
Generally, when weeds emerge out in the plastic mulch production, utilization of
herbicides has been a unique tool for weed control (Miller and Dittmar 2014) because of
the unavailability of other methods like mechanical weeding (tillage, hoeing, flaming) due
to the presence of drip tape and polyethylene mulch. However, specialty crops, such as
vegetables lack an adequate range of herbicide chemistries for weed control and rely
heavily on hand weeding to achieve commercially acceptable weed control. Hand weeding
is a labor-intensive and costly practice that reduces the growers’ profit margins (Bangarwa
et al. 2010). Implementation of pest management practices that increase agricultural
productivity while reducing negative economic and environmental impacts are needed.
Currently, due to the unavailability of any other sustainable method to fumigate farms,
Anaerobic Soil Disinfestation (ASD) may be a better alternative for vegetable growers due
to its broad-spectrum activity against the majority of serious pests. Depending upon its
spectrum of activity, ASD is well documented as non-chemical/biological nematicide,
fungicide, bactericide, or herbicide (Shrestha et. al 2016).
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Ralstonia Solanacearum- A devastating soil-borne pathogen causing bacterial wilt
Approximately 90% of the 2000 significant diseases impacting the most widely
cultivated agricultural crops in the US are caused by soil-borne pathogens. (Panth et al.
2020; Lewis et al. 1991; Mokhtar et al. 2014). They are among the most damaging factors
in crop productivity affecting yield, plant vigor and overall marketability. The bacterium
Ralstonia solanacearum, which causes bacterial wilt in solanaceous plants, is extremely
prevalent in southern soils and affects a variety of Solanaceous crops (Jerry Brust 2020).
Bacteria are most active at temperatures over 24 degree C in moist environments, and in
soils with a high pH which matches with fall southeast US environmental conditions.
Once introduced into soil, this bacterium can survive for more than ten years (Robertson
et al. 2005). It is composed of many strains that differ primarily in terms of biochemical
characteristics, disease development, and geographic range (Hayward 1994). Ralstonia
Solanacearum strains are commonly categorized as race and biovar. Tomato bacterial wilt
is caused by either race 1 or 3, and on a rare chance, race 2. Race 1 is endemic in the US
and can cause bacterial wilt on several important crops, including tomato, pepper, and
eggplant (Champoiseau et al. 2008). This bacterium can enter the tomato plants through
minor wounds made by pests, cultivation and transplanting. The bacteria proliferate in the
plant vascular system, blocking the water-conducting channels with bacterial cells,
impeding the flow of water and nutrients throughout the plant. The first visible signs of
bacterial wilting are usually seen on the leaves of plants at the initial stages of the disease.
Under optimum environmental conditions, wilt grow fast with advanced stages occurring
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within two to three days and plant die soon. The disease is distinguished by the discharge
of white milky secretions from newly cut diseased stems.

Current research on control measures for bacterial wilt and challenges
Once present in the field, bacterial wilting is challenging to control due to its soilborne nature. Chemical controls that provide effective management are not available.
Current control measures for bacterial wilt include biocontrol agents, oil treatments, soil
bio fumigation, and lime application.
In biocontrol, the microbial antagonist plays a vital role in suppressing solanaceous
crop bacterial wilt disease. Application of antagonist soil microbe cultures in the
rhizosphere is suitable to provide plant roots frontline protection against any attack by
pathogens. Several biological control agents like Acinetobacter sp. (Xue et al. 2009),
bacteriophages (Yamada et al. 2007), Bacillus thuringiensis (Zhou et al., 2008), Bacillus
subtilis (Singh et al. 2012a, 2016), Bacillus sp. (Ramesh et al. 2009; Xue et al.
2009), Enterobacter sp. (Ramesh et al. 2009), Burkholderia nodosa, B. sacchari, B.
tericola, B. pyrrocinia (Nion and Toyota, 2008) are found effective to delay the appearance
of the disease symptoms and reduced the wilt disease incidence in solanaceous crops.
However, frequent soil inoculation with microbial cultures may not be feasible for
commercial growers with each crop rotation.
Besides antagonistic soil microbes, other biocontrol agents such as plant species
can be used as biocontrol agents. Xanthium strumarium, an invasive weed known for its
anti-bacterial properties, is used to control R. solanacearum, preventing the bacterial wilt
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of tomatoes. The infected soil can be treated with different concentrations of dried plant
powdered extracts (Khan et al. 2019). However, this weed can be a problem afterward to
control. Therefore, this weed should be used based on the various agricultural advisories.
Thymol and essential oils application in soil infected with bacterial wilt resulted in a
decreased population of R. Solanacearum. Thymus spp. application in soil and its
degradation resulted in the production of the volatile thymol compounds, which were
effective in controlling tomato bacterial wilt (Pradhanang et al. 2003; Ji et al. 2005).
However, many studies done to date recommend that sole use of Thymol may not be
sufficient to control the population of R. Solanacearum. Thymol and Acibenzolar-s-methyl
(ASM) need to be applied in combination as a soil fumigant and repeated foliar sprays to
control bacterial wilt effectively (Ganiyu et al. 2018). ASM is a chemical compound that
acts as a plant activator and fungicide.
Soil fumigation with essential oils has been reported to effectively reduce bacterial
wilt (Alves et al. 2014). In tomatoes, no wilt disease symptoms have been reported in
greenhouses when transplanted into the soils fumigated with essential thyme, palmarosa,
lemongrass, greek oregano, and tea tree oils (Pradhanang et al. 2003). Brassica species
release anti-microbial compounds, such as isothiocyanates, nitriles, and thiocyanates. If
mulched into the soil at flowering time, such chemicals dramatically reduce the soil
populations of R. Solanacearum (Arthy et al. 2005). The use of lime one month before
planting, accompanied by P. fluorescens as a biocontrol agent, minimized the incidence of
bacterial wilt in the field (Biswas and Singh 2008). However, it should be stressed that
none of these control approaches have reached the point of commercial application due to
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the non-availability of widespread production of biocontrol agents producing antimicrobial compounds.

Anaerobic Soil Disinfestation
Previously, mixtures of methyl bromide and chloropicrin were conventionally the
most effective and widely practiced chemical soil disinfestation (Butler et al. 2014).
However, in the sixteen years since the Montreal Protocol to reduce ozone depletion and
the resultant phasing out of chemical fumigation practices, growers globally have been
seeking a more viable, sustainable, technically feasible nonchemical alternatives
(Fennimore et al. 2013; Shennan et al. 2014). Some of the methods researched to date have
included soil solarization, anaerobic soil disinfestation, soil steam sterilization,
biofumigants, resistant cultivars of grafted plants and biocontrol products (Panth et al.
2020). One of the most promising and proven regenerative agricultural models is
Anaerobic Soil Disinfestation (ASD).
ASD is considered a biologically based disinfestation against both abiotic and biotic
stresses. ASD is a method that create temporary limited anaerobic conditions in the
topsoil layer. Most pathogens and nematodes are not able to survive in such
conditions, therefore die. ASD is also termed “biological soil disinfestation” (BSD), “soil
reductive sterilization” and “reductive soil disinfestation”.
ASD is facilitated by adding carbon-rich amendments to the soil, tarping with an
impermeable vapor cover, and saturating the soil with water (Figure 1.2). This creates an
anaerobic environment that reduces or eliminates many of the oxygen dependent
9

agricultural pests (Blok et al. 2000; Butler et al. 2014; Shrestha et. al 2016). Several studies
reported that the changes in microbial composition, release of volatile organic compounds,
decreased soil pH and reduced soil conditions, all aid in pest suppression (Shrestha et. al
2016; Hewavitharana and Mazzola 2016; Testen and Miller 2018). However, further
research is needed for the development of standard treatment protocols using soil carbon
amendments. To make ASD more commercially viable, researchers still need to evaluate
several key factors for each region, such as alternative cost-effective, locally available soil
amendments as carbon sources, as well as their potential in pest management. ASD with
mixed carbon sources or other pest management techniques can provide acceptable pest
control through additive, synergistic, or cumulative action of tactics that may not be
effective when used alone (Shrestha et al. 2018).

Carbon sources for ASD
The carbon substrate is one of the most important components in ASD that can be
adjusted or studied to improve its efficacy for pest control and the cost-effectiveness
(Foret-Peterson et al. 2019). Along with the large volumes of viable carbon sources
generated by agro-industrial waste streams, another significant burden on specialty crop
growers is the ever-increasing amount of discarded or rejected produce in response to
consumer demands for flawless perfection and shelf life in fruits and vegetables. Only a
small percentage of a grower's conventional or organic crop remains perfect enough to
meet the industry's extremely stringent retail and consumer-driven specifications.
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Compared to other food categories, fresh fruit and vegetable crops in North America are
lost at higher rates (50-60%) (FAO, 2011).
For ASD to be widely adopted, carbon sources must be easily available, effective
in pest management, and economical in the local region where they are used. Numerous
carbon sources have been evaluated and found to be beneficial across a range of crops,
soils and environmental conditions. The majority of carbon courses are derived from
agricultural wastes such as rice and wheat brans, sugarcane-molasses products, ethanol,
crop residual waste, fruit processing waste, various manures such as poultry manure, seed
meals such as cotton seed meal and Brassica seed meals, brewer's spent grains and cover
crops have all been shown to be effective as ASD carbon amendments (Blok et al. 2000;
Momma et al. 2010; Butler et al. 2012; McCarty et al. 2014; Shrestha et al. 2016; Shennan
et al. 2018; Testen and Miller 2019; Liu et. al 2020; Vecchia et al. 2020). A mixture of
simple compounds that are easily decomposed by soil microbial populations can be
employed as a carbon source for agricultural recycling and reuse, as well as to improve
pest control through additive, synergistic, and cumulative effects in ASD process.

Conclusion
In conclusion, modern vegetable production may not progress further with limited
pest management options. Weed management using non-chemical approaches is required
to address the rising demand for organic foods. Non-chemical methods of weed control
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will help achieve sustainable weed control in vegetable production systems. Currently, due
to the unavailability of any other sustainable method to fumigate farms, ASD may be a
beneficial approach for vegetable growers. ASD can promote a circular economy by
utilizing solid organic soil amendments for agriculture. Growers spend considerable time
and resources controlling weeds and other pests, often resorting to chemical fumigants to
control the most destructive pests. Simultaneously, they face disposal challenges associated
with low-value crop byproducts such as fruit, vegetable nut skins, seeds, and hulls. ASD
has the potential to increase agricultural production, profitability, and environmental
stewardship by using agricultural waste streams to create alternatives to chemical
fumigants. Over time, applying organic amendments to soils may result in slight increases
in soil organic matter and, consequently, cation exchange capacity, especially for soils with
low cation exchange capacity. As a result, nutrient retention and long-term plant nutrient
availability are likely to improve as well. Numerous studies on ASD have shown efficacy
in increasing soil available nutrients and controlling weeds and other soil-borne pests,
which is encouraging. ASD is showing significant promise as a safe and sustainable form
of pest control that improves crop quality and yield.
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CHAPTER TWO

WEEDS AND BACTERIAL WILT MANAGEMENT IN TOMATO VIA
ANAEROBIC SOIL DISINFESTATION WITH MIXED CARBON AMENDMENTS

Abstract
Anaerobic soil disinfestation (ASD) utilizes carbon-rich soil amendments, increased soil
moisture, and tarping with a completely impermeable film to rapidly create an anaerobic
environment that kills a large proportion of oxygen dependent plant pathogens and weeds.
The purpose of this study was to evaluate the efficacy of mixed carbon amendments on soil
anaerobic conditions, bacterial wilt control, weed suppression, and tomato tolerance in a
bucket-based greenhouse trial. Molasses + mustard meal (MMM), Molasses + chicken
manure (MCM), Molasses + corn gluten (MCG) and Molasses + sweet potatoes (MSP)
plastic covered treatments effectively controlled weeds by 75–96% compared to the control
and reduced Ralstonia solanacearum population up to 0 from initial 5.6 Log10 (CFU+1)
gm-1 dry soil. MMM was generally the most effective carbon treatment. Plants transplanted
immediately after ASD exhibited phytotoxic effects in some treatments, whereas plants
transplanted 14 days after ASD were unaffected in all treatments. The results of the study
inferred that mixed agriculture by-products carbon treatments induced strong anaerobic
conditions, provided an acceptable level of weed control, and were effective at eliminating
Ralstonia solanacearum, a devastating pathogen of solanaceous crops. These findings
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encourage further investigation of similar treatments in the field in a variety of locations
with a variety of soil types for pest management.

Key Words- Ralstonia solanacearum, Mustard seed meal, Molasses, Non-chemical weed
control, Biological weed management, Bacterial wilt
Introduction
Tomato (Solanum lycopersicum L.) is the world's most produced vegetable crop
(FAOSTAT 2018; Statista 2021). The United States is one of the world's leaders in fresh
tomato production. In 2020, US growers planted 113322 hectares and harvested 110438
hectares of tomatoes with 1.66 billion US dollars farmgate value (USDA-NASS 2020).
Organic vegetable cultivation has been expanding in the United States to meet the
increasing consumer demands for non-chemically produced food and taste preference. An
additional 103319 hectares currently are transitioning to organic production and a 27
percent increase in overall organic vegetable production since 2017 (USDA-NASS 2020).
Organic tomato production increased by 89 percent from 2011 to 2017; however, according
to recent 2019 survey, 24 % of production has decreased since 2017 and more than 65 %
of organic farms reported facing production and management challenges (USDA-NASS
2020). Weed and disease management continues to be the biggest challenges for organic
growers.
Weeds and disease greatly affect US growers' market share and profitability. The
use of plastic mulch in vegetables is a common production practice accepted widely in the
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United States (Zhang et al. 2019). However, plastic-mulch does not adequately control all
weeds (Boyd et. al 2017). Weed control options are limited in tomato production, and even
fewer options are available for organic production, due to the absence of synthetic
herbicides. Typically, growers rely on hand-weeding, which is labor-intensive and costly.
With high weed pressure, management costs for tomatoes in the southeast can range
between $1,000 to $1,500 per acre (Bangarwa et. al 2010). In addition to weeds, soil-borne
diseases are another potential limiting factor for organic crop production. Ralstonia
solanacearum, a bacterium that causes bacterial wilt of solanaceous plants, it is ubiquitous
in southern soils and can stay in infected soil for more than ten years (Robertson et al.
2005). This pathogen can be introduced into fields through infected transplants, water
runoff from adjacent contaminated fields or the movement of human, instruments and
equipment containing infested soil (Gitaitis et. al 1992). Currently, there is no effective
method available for controlling this pathogen. With the upsurge in consumer desire for
organic and reduced pesticide grown vegetables, methods to combat bacterial wilt in
tomatoes is extremely important.
Previously the use of methyl bromide and other soil fumigants had been commonly
used for controlling pests in plasticulture production systems (Duniway 2002; Schneider
et. al 2003). The phaseout of the methyl bromide due to health and environmental concerns
and the market demand for food grown without industrial pesticide inputs has resulted in
various studies seeking more successful techniques to help the domestic tomato industry
overcome pest management problems (Blok et. al 2000; Momma et. al 2013; Butler et. al
2014; Guo et. al 2017; Shrestha et. al 2018).

25

Soil solarization to reduce or eliminate plant pathogens has been used for many
years (Katan 1981; Gamliel et. al 2000). Soil solarization uses clear plastic mulch to trap
heat in the soil generated by the sun's rays. While quite effective for many pathogens, the
depth to which the heat reaches in the soil depends on soil type, soil moisture, hours, and
intensity of the sun at a given location (Chase et. al 1999). Effectiveness of soil solarization
is reduced on any seed buried at a depth of six inches or more and nutsedge tubers are
reported to be quite heat tolerant (to about 120°F) and difficult to kill by solarization (Chase
et. al 1999). Dependency on favorable weather conditions to accumulate passive solar
heating in the soil and long treatment process (>2 months) have been cited as factors that
discourage use of solarization by growers.
In recent years a process similar to solarization known as Anaerobic Soil
Disinfestation (ASD) or biological soil disinfestation has been examined for its use as a
pre-plant control measure for a wide range of soil-borne pathogens and weeds (Shrestha
et. al 2016). ASD is a biological driven method for controlling soilborne diseases,
nematodes and potentially weeds. ASD is facilitated by adding carbon-rich amendments to
the soil, tarping with a vapor impermeable plastic film and saturating the soil under the
film with water which rapidly creates an anaerobic environment that kills many of the
oxygen-dependent plant pathogens (Blok et. al 2000; Momma et. al 2013; Butler et. al
2014; Shrestha et. al 2016; Guo et. al 2017). Carbon input, temperature, incorporation
technique, soil type, and weed species were all identified as critical variables affecting pest
management via ASD (Butler et. 2014; Shrestha et. al 2016; Di Gioia et. al 2016; Shrestha
et. al 2018; Khadka et. al 2019). ASD method is not reliant on the sun's rays and appears
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to destroy pathogens deeper in the soil profile than solarization due to both the anaerobic
conditions and the release of various volatile organic compounds. From fairly shallow
growing plants such as strawberries to deep-rooted nut trees, ASD has proved effective for
control of several plant pathogens across multi plant species (Shrestha 2016).
In addition to pest control, ASD has been shown to sustain crop yield while having
no substantial negative effect on tomato quality in terms of pH, firmness, dry matter
content, and total soluble solids when compared to chemical soil fumigation (Butler et. al
2014; Guo et. al 2017; Shrestha et. al 2018). The application of ASD in commercial tomato
production systems has not yet gained widespread acceptance due to a lack of a
standardized cost-effective carbon source capable of providing multi-pest control (Shrestha
et. al 2018). For ASD to become widely used by organic tomato producers, it must be as
productive as or more profitable than the conventional methods of soil disinfestation.
Researchers still need to evaluate several key factors for different regions, such as costeffective, locally available soil amendments as carbon sources, as well as their potential in
pest management. The use of a combination of carbon sources can provide acceptable pest
control through the additive, synergistic, or cumulative action of tactics that may not be
effective when used alone.
In this study, we evaluated the effects of 4 combinations of carbon sources
(molasses + sweet potatoes, molasses + liquid corn gluten, molasses + chicken manure and
molasses + mustard meal) in creating anaerobic conditions under soil, weed suppression,
Ralstonia solanacearum reduction and tomato plants response after ASD in bucket-based
greenhouse trials.
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Materials and Methods
Greenhouse experiments were conducted at Clemson University Coastal Research
and Education Center (CREC), Charleston, SC, USA (32.794091, -80.068349).
Experiments were conducted twice, with trial 1 initiated on 15 October 2019 and trial 2
initiated on 23 September 2020. Average daily maximum/minimum or day/night
temperatures of greenhouses were 26±2/19±1C.

Experimental setup
The field soil used is characterized as Charleston Loamy fine sand (thermic
Aquultic Hapludalfs) with pH 6.4 and 0.8 % soil organic matter. The soil was collected
from the surface horizon (0 to 15 cm) at the USDA Organic Crops Unit in Charleston and
passed through a 4 mm sieve. Soil was filled in 19,000 cm3 buckets (37 cm height and 30
cm top diameter), which were used as the experimental units. The experiments were
designed as a randomized complete block design (RCBD) with four replications. The
treatments were structured as a factorial with five carbon sources, molasses + sweet
potatoes (MSP, molasses + liquid corn gluten (MCG), molasses + chicken manure (MCM),
molasses + mustard meal (MMM) and no carbon source (NCS) by 2 plastic cover/ASD
treatments (covered/ASD or not covered/non-ASD).
All the experimental units were seeded with 100 seeds of three economically
significant weed species Palmer amaranth (Amaranthus palmeri S. Wats.) Barnyardgrass
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(Echinochloa cruss-galli (L.) P. Beauv.) and Large crabgrass (Digitaria sanguinalis L.
Scop) at 0- 15 cm depth in buckets. Carbon amendments were mixed in the upper 0 to 20
cm soil in the buckets. The rate of added Carbon amendments are given in Table 2.1. Before
application, liquid molasses was diluted with water (1:1 on v/v basis) to ease application
and poured onto soils. For ASD treatments buckets were covered with transparent plastic
cover, whereas in non- ASD treatments buckets were left uncovered. Non-amended, noncovered buckets (aerobic conditions) and non-amended plastic-covered buckets served as
controls.

Bacterial cultured soil inoculum preparation and detection of CFU after ASD
A local isolate of Ralstonia solanacearum was obtained from natural infections of
tomato from the USDA, ARS Vegetable Laboratory farm field and verified by PCR and
biochemically to be R. solanacearum race1 biovar 1. The Isolate was grown in nutrient
broth for 48 hours, diluted with buffered saline to a concentration of 1 x 10 6 CFU per ml,
then mixed with autoclaved field soil to saturation. Mesh bags containing 20 grams of this
inoculated soil buried at 15-20 cm deep in each bucket. Initial viable R.
solanacearum colony forming units (CFU) determined by dilution plating at the onset of
each new trial as a time point 0. Inoculum bags were sampled at the end of the six-week
ASD period, when the buckets were uncovered. From each mesh bag 10 grams of soil was
taken and mixed in 20 ml of H20. The soil solution was vortexed, and serial diluted by
taking 100 ul of soil solution into 900ul of H2O for 4 times and repeated twice. Dilutions
were plated onto SMSA media amended with cycloheximide, as well as TTC medium
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amended with cycloheximide (Robertson 2003). Plates were then incubated for 3 days at
28°C. Ralstonia solanacearum-like colonies were counted, CFU per gram dry soil were
calculated and converted into log values.

Sensor installation
Oxidation-reduction potential sensors (Pt combination electrodes, Ag/AgCl
reference; Sensorex, Garden Grove, CA, USA) were installed in the center of all buckets
at a 15-cm depth to monitor anaerobic soil conditions. A data logging system (CR-1000X
with AM 16/32 multiplexers, Campbell Scientific, Logan, UT, USA) was used to record
the outputs from the sensors which monitored readings every 30 s and averaged on an
hourly basis. Buckets were irrigated with tap water to saturation point, then covered with
a 15-μm polyethylene sheet (Greenhouse megastore, Danville, IL, USA) and secured using
reinforced rubber bands. Buckets were set on greenhouse benches in a completely
randomized block design and kept stationary for the 6-week ASD treatment phase. The
ASD treatment ended on November 30, 2019 in Trail 1 and on November 7, 2020 in Trial
2.

Weed assays and Crop performance
After 6 weeks, ASD was terminated by uncovering polyfilm covers from buckets.
Weed ratings was conducted immediately, which consisted of percent weed control ratings,
individual weed counts, and total weed population. Percent weed control was estimated by
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visual observations on a scale of 0% to 100%, by comparing weed infestation between
untreated and treated experimental units in each replication, where 0% weed control refers
to untreated treatments and 100% refers to complete weed mortality in a bucket.
Following weed species assessments, tomato plants were transplanted twice in each
plot by splitting the bucket surface area into two halves. First set of tomatoes were
transplanted immediately post-ASD and second 14 days post-ASD to determine the impact
of treatments on the growth and biomass response of plants. After 3 weeks of each planting
set aboveground height and biomass of plants recorded. Plants from each treatment were
uprooted and oven dried for 72 hours and weighed for biomass readings.

Data Analysis
The experiment followed a two-factor (Carbon source type and polythene cover)
factorial design with four replications and repeated twice. All data was subjected to
analysis of variance using mixed model methodology (JMP v. 15). Carbon source, plastic
cover, trial run, and all interactions between these effects were considered fixed while
replication was considered random. Percent weed control, weed counts, plant biomass, and
redox potential data were pooled for both trials, because there was no treatment by trial
interaction. Means were separated using Tukey Kramers HSD test.
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Results
Redox Potential Measurements (Anaerobic conditions)
The soil redox potential in each bucket was monitored every 30 s and averaged on
an hourly basis. To calculate average anaerobic conditions throughout the experiment,
redox potential (Eh) readings averaged, and 200 mV was selected as the threshold below
which the soil is considered as anaerobic (Butler et. 2014). The effects of carbon source,
plastic cover and their interaction had a significant influence on accumulated soil anaerobic
conditions (P value < 0.001). Overall, the non-treated control had the least anaerobic
conditions. Higher anaerobic conditions (< -100 mv) were achieved in plastic covered
treatments with MMM, followed by MCM (< -50 mv) (Fig. 2.1). Only plastic covered
treatment was not able to attain anaerobic conditions, however it was observed less aerobic
in comparison with uncovered treatments or control (Fig. 2.1).

Percent Weed Control and Weed Counts
Barnyardgrass and large crabgrass were the two most prevalent grass weeds
infesting our experimental buckets. The average heights of crabgrass, Palmer amaranth,
and barnyardgrass plants were 22±5 cm, 15±5 cm, and 20±5 cm, respectively in the noncovered treatments (data not shown). The carbon sources, plastic cover and their interaction
had a significant inhibitory effect on weed control (P value < 0.001, Table 2.2). The other
broadleaf weeds, whose seeds were naturally present in soil identified were carpet weed
(Mullugo verticillate L.), corn spurry (Spergula arvensis L.), cutleaf evening-
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primrose (Oenothera laciniata Hill) and swinecress (Cornopus didymus L.). MMM plastic
sealed treatment reduced weeds by 96% as compared to the untreated control (Fig. 2.2).
MCM plastic covered treatment exhibited 89% weed control and was second most effective
in reducing weed infestation, followed by MSP and MCG plastic covered treatments which
reported weed control by 75% and 79% respectively (Fig. 2.2). NCS plastic covered
treatment was effective in preventing weed growth by 45 %. Interestingly, non-covered
MMM treatment reduced weeds by 47% (Fig. 2.2).
The effects of carbon source, plastic cover and their interactions on grass
weed seedlings counts were significant (P Value < 0.0001). Grass weed counts were lowest
in buckets treated with MMM plastic cover treatment (Fig. 2.3). Other carbon sources
(MSM, MCM or MCG) plastic covered treatments having similar reduced grass weed
counts in relation to nontreated or carbon sources unsealed treatments (Fig. 2.3). Palmer
amaranth weed seedlings counts were significantly reduced with plastic covered treatment
relative to the non-plastic covered (P Value < 0.0001). In all plastic covered treatments,
regardless of carbon sources, complete control of Palmer amaranth was observed.
Additionally, we counted other weeds found naturally in the soil, such as carpet weed, Corn
spurry, cutleaf evening-primrose and swinecress, which were significantly suppressed by
the carbon source, plastic cover, and their interaction (P Value < 0.0001, data not shown).

Effect of treatments on Ralstonia solanacearum survival
The effects of carbon source, polythene cover (covered or not covered), and their
interaction on bacterial colony forming units were significant (P Value < 0.0001). The
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colony-forming units (CFUs) were observed to be significantly reduced in all carbon
source plastic-covered treatments in comparison to NCS plastic covered or all uncovered
treatments (Fig. 2.4). The initial population R. solanacearum at the starting point of
experiment was 5.6 Log10 (CFU+1) gm-1. In this experiment, after 6 weeks of ASD period,
the observed R. solanacearum populations in the inoculated soil ranged from 0 to 6 Log10
(CFU+1) gm-1 of dry soil. After six weeks of ASD treatment, the R. Solanacearum colonies
were not detected in the soil treated with MMM and MCM plastic covered treatments,
which provided 100 % mortality of R. solanacearum (Fig. 2.4). MSP and MCG plastic
covered treatments were observed as second and third in reducing the pathogen population
with 1.71 and 0.33 Log10 (CFU+1) gm-1 respectively. A minor reduction in CFU in R.
solanacearum cells was also observed in unsealed carbon sources in which MMM and
MCG were used as carbon sources. In this experiment, within four weeks after
transplanting, no wilting symptoms were observed on tomato seedlings grown in buckets.

Tomato plants response to ASD
Plants transplanted immediately after ASD in MSP plastic cover treated buckets
showed some phytotoxic effects in term of yellow leaves, stunting growth and less biomass
in comparison to other treatments or control (Table 2.3). This may be possibly due to the
allelopathic effects of decomposition of sweet potatoes in anaerobic environment.
Significant differences were detected in the shoot mass and height of tomato plants grown
in MSP plastic cover/ASD treatment transplanted immediately after ASD (Table 2.3).
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However, plants transplanted 14 days after ASD were apparently unaffected in all
treatments.

Discussion
The Lynchburg soils, which formed from sandy and loamy marine sediments, are
the most common type of soil found in the Southeast coastal area. ASD is promising for
sandy soils with elevated soil temperatures, possibly because of pathogen and weed
suppression caused by elevated soil temperatures, as well as significant beneficial effects
of organic matter additions on the chemical, biological, and physical characteristics of
sandy soils (Butler et. al 2014). In this experiment, all tested C sources suppressed tested
weed species significantly more than the non-treated control and effective in completely
suppressing R. solanacearum.

Redox Potential Measurements (Anaerobic conditions)
Accumulated anaerobic conditions are reported as a key indicator for successful
pest control (Guo et. al 2017). In this experiment, soil anaerobic conditions were
significantly greater in carbon-treated soils sealed with plastic cover as compared to the
NCS plastic cover control and all other treatments without plastic cover. Redox reactions
occurring under such higher anaerobic environments result in the formation of oxidized
substances such as methane, ethylene gases, alcohol, and organic acids, all of which are
lethal to plant pathogenic bacteria (Strauss and Kluepfel 2015; Guo et al. 2017). Plant
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pathogenic bacterium, such as R. solanacearum, are aerobic microorganisms that require
oxygen to survive and proliferate. As a result, anoxic conditions may inhibit the
development and multiplication of R. solanacearum, resulting in a reduction or elimination
of bacterial populations in the soil environment. Additionally, ASD influences the
composition of the soil microbial population, resulting in the dominance of anaerobic
microorganisms in the soil (Testen and Miller 2018; Mazzola et. al 2018). The lower R.
solanacearum populations seen in this study might be a result of the species' low
compatibility and competitiveness with anaerobic microbes during ASD process.

Weed Control
The phaseout of the methyl bromide due to health and environmental concerns has
resulted in numerous studies to find other effective strategies for controlling weeds. None
of the currently available soil disinfestation alternatives has demonstrated consistent results
or the ability to ensure acceptable weed control in organic specialty crops. Moreover, in
conventional polyethylene mulched vegetable production, the application of herbicides,
both as pre-mulching application or through the under-mulch drip irrigation system, has
been a unique tool for weed control (Dittmar et. al 2012; Miller and Dittmar 2014).
However, with the lack of effective herbicide options in specialty crops and an increase in
documented cases of herbicide resistance, the future of herbicide-based weed management
programs is uncertain (Fennimore and Cutulle 2019). Mixed results have been documented
in terms of ASD effects on weed control. In a previous study, ASD with carbon sources
such as composted poultry litter and molasses reported unacceptable level of weed control
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(Di Gioia et. al 2016). Another ASD study reported carbon source treatments reduced
yellow nutsedge tuber sprouting and reproduction (Shrestha et. al 2018). Overall, variations
in carbon sources, temperature, integration process, soil composition, and weed species
have all been studied as key factors influencing weed control in previous ASD studies (Guo
et. al 2017; Shrestha et. al 2016; Shrestha et. al 2018; Di Gioia et. al 2016; Khadka et. al
2019).
In this study, weeds were suppressed in ASD treated plots with mixed carbon
amendments and significant effects were observed within carbon source plastic covered
treatments. The mustard meal and molasses combination was significantly more effective
for overall weed control and for reducing each weed seedling counts than the other mixed
carbon sources. It is possible that differences in carbon source efficacy in weed control
could have been related to the specific microbial communities associated with degradation
of organic carbon sources, soil pH, or generated anaerobic conditions in the treated soil.
Previous studies reported that the crabgrass has not been affected by ASD (Shrestha
et. al 2016), in contrast our study findings indicate ASD with mix carbon treatment
significantly control crabgrass infestation. Palmer amaranth is recognized as a major
problematic weed in vegetable production in North and South Carolina. Establishment of
glyphosate-resistant genotypes of Palmer amaranth on farms in the southern U.S. has
resulted in the adoption of physical weed control methods such as hand-weeding and
tillage, resulting in greatly increased production costs (Sosnoskie and Culpepper 2017). In
this study, Palmer amaranth emergence was reduced to zero counts in all plastic covered
treatments regardless of carbon source. However, we observed low germination rates of
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Palmer amaranth seeds, which may be attributed to seed dormancy caused by temperature,
seeding depth, or light requirements (Jha et. al 2017). While contrasting the large crabgrass
emergence, barnyard-grass was more resistant to the effects of carbon source and sealed
treatments. This can be explained by the ability of the barnyard grass to withstand
anaerobic conditions caused by polythene sealed plastic buckets.
Overall, the most effective mix treatment for weed control in this study was MMM
(molasses and mustard meal). Molasses is a common carbon source used to facilitate ASD
in southeastern states such as Florida (McCarty et. al 2014) and mustard seed meal, a
byproduct of the oil extraction process of Brassica crops, contains a class of secondary
plant metabolites called glucosinolates. Allelopathic compounds such as isothiocyanates
(ITC) form by degradation of glucosinolates, which suppress certain weed species
(Petersen et. al 2001).
The findings of this study indicate that when molasses is combined with
allelopathic organic amendments such as mustard meal, it is possible to target the soil weed
seed bank. Molasses acts as a chelating agent or organic stimulant when combined with
other organic amendments, providing a readily available source of carbon energy and
carbohydrates to feed and accelerate the growth of beneficial microbes. As demonstrated
in this study, ASD with mix carbon treatments can be an advantageous strategy for weed
control in field plasticulture settings.

Effect of treatments on Ralstonia solanacearum survival
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ASD has been shown to be an effective method for reducing or eliminating several
soilborne phytopathogens. Bacterial wilt caused by R. solanacearum is the most crop
limiting factor of tomatoes in the southern U.S. Currently, there is no effective method for
controlling this pathogen. Our experiment findings indicate that ASD is capable of greatly
reducing and even eliminating R. solanacearum. In this study, combination of liquid
molasses and easily decomposable organic amendments, was found to strongly reduce the
inoculated soil population densities of R. solanacearum.
Our findings are consistent with previous ASD work in which wheat bran was used
as a carbon source and the population of R. solanacearum decreased below the detection
limit (Momma 2008). The effect of ASD was observed in this study as the experimental
buckets with only plastic covering and no carbon amendment, which were exposed to the
same conditions as the ASD ones, did not exhibit a decline in R. solanacearum populations.
Similar effects were observed in a previous study amended with fresh grass as a carbon
source (Messiha et. al 2007). The soil environment created by ASD is inhospitable for plant
pathogens as a result of anaerobicity and the generation of toxic volatile and non-volatile
fatty acids by the decomposition of carbon sources by soil microbial populations (Momma
2015).
The greater control of R. solanacearum we observed in MMM amended ASDtreated soil may be due to biocidal effects of isothiocyanates produced by mustard meal.
Our results indicate mix carbon sources and sealed treatments have the potential to suppress
R. solanacearum populations in soil and reduce bacterial wilt incidence in greenhouse
bucket experiments. The choice of carbon source plays a critical role in the efficacy of
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ASD. For instance, MCG and MSP amended ASD was comparatively less effective in
suppressing R. solanacearum than MMM and MCM. Since these carbon sources, or their
components under anaerobic conditions have been reported to have fungicidal,
nematocidal, and antibacterial activities they could be used in integrated pest management
in tomato. However, further research is needed to assess the efficacy of carbon sources in
managing tomato bacterial wilt in field conditions with high population densities.
Additionally, the mechanism of action of the ASD utilized by different carbon sources
against R. solanacearum needs to be investigated.

Tomato plants response to ASD
ASD's ability to suppress weed growth appears to be driven by phytotoxic volatiles
produced by microbial activity. The phytotoxic effect of ASD on crop plant growth is a
matter of concern among growers (McCarty et. al 2014). In this greenhouse study we
observed no negative impact of ASD on tomato plants transplanted 14 days after ASD,
while significant negative effect observed in tomato plants transplanted immediately after
ASD, as evidenced by significant shoot growth retardation and decreased biomass in MSP
plastic cover treatment. We observed ASD did not enhanced the shoot height and shoot
biomass, although the presence of carbon source is supposed to enhance plant growth.
Overall, we did not see any significant impact on shoot growth and dry biomass in tomato
plants transplanted 14 days after ASD.
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Conclusion
Today, sustainable agriculture is essential for meeting long-term agricultural
demands via the use of farm-based, environmentally friendly resources which do not
degrade the environment. The potential of ASD to control soil-borne plant pathogens in
specialty crop production is well-documented, but there is limited information on the
impact of soil treatment by ASD on weeds. The study found that mixed agriculture by
products carbon treatments provided strong anaerobic conditions, an acceptable level of
weed control and were effective in killing R. solanacearum, a devasting pathogen of
solanaceous crops. Utilization of agricultural by-products in pest management not only
contributes toward environmental sustainability, but also supports small farm-based
industries and growers to get some additional income by selling these materials. The local
availability of these by-products at low cost would increase the likelihood that ASD is
adopted as a management practice for weed and pathogen control by growers.
Further, we expect to observe significant shifts in soil bacterial communities due to
the imposition of anoxia and the input of readily available organic carbon-allelopathic
treatments. The various ASD carbon substrates may also stimulate the growth of particular
bacterial groups due to differences in the degradability of their carbon components. Further
research is needed to explore specific microbial communities associated with the
degradation of particular organic carbon sources and their role in sustainable agricultural
production due to their ability to promote plant growth, enhance biotic and abiotic stress
resistance, remediate contaminated soils, recycle nutrients, manage soil fertility, and
reduce the use of fertilizers or pesticides in agriculture.
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CHAPTER THREE
NTEGRATION OF HALOSULFURON AND ANAEROBIC SOIL
DISINFESTATION FOR WEED CONTROL
Abstract
Weeds are a major limiting factor in specialty crop production. Since the removal of
methyl-bromide as a soil fumigant, weed management has been reliant on a few herbicides
and cultural practices. Strategies aimed at reducing the soil weed seed bank are
needed. Anaerobic soil disinfestation (ASD) may have the potential to fit into
current weed management strategies. Greenhouse studies were conducted to evaluate ASD
with herbicide applications for yellow nutsedge control. The treatments in the study
included factorial of two carbon sources (mustard meal + molasses [MMM]) or no carbon
amendment), three herbicide treatments (halosulfuron applied PRE-ASD, halosulfuron
applied POST-ASD, and no herbicide) and two polyfim treatments (polyfilm cover [PC]
or no polyfilm cover). Soil treatments included molasses at 14, 000 L ha-1 and mustard
meal at 2,100 kg ha-1. Halosulfuron was applied at a rate of 70 g ai ha-1. Greater anaerobic
conditions were achieved in polyfilm cover treatments amended with MMM. MMM+PC
treatment with either of halosulfuron application (PRE or POST- ASD) resulted in 98% or
greater control of yellow nutsedge. At least 83% yellow nutsedge control was exhibited in
MMM+PC alone. Halosulfuron PRE+PC resulted 77% or greater control of yellow
nutsedge. This study demonstrated that ASD, combined with an herbicide program, can be
an effective strategy for weed control.

48

Nomenclature- Halosulfuron; Palmer amaranth, Amaranthus palmeri S. Wats. AMAPA.;
Barnyardgrass, Echinochloa cruss-galli (L.) P. Beauv. ECHCG.; Yellow nutsedge,
Cyperus esculentus L. CYPES.

Key Words- Integrated weed management, Mustard seed meal, Molasses, Non- Chemical
weed control, Sustainable agriculture, Sustainable weed control, Plastic mulch, Biological
weed management

Introduction
Yellow nutsedge is one of most widespread and problematic weed species in
vegetable crops in the United States (Van Wychen 2019, Webster 2010). Polyethylene
mulches are widely used in vegetable production as they promote early vegetable growth,
uniform soil moisture, increased yields and suppress most grasses and broadleaf weeds
(Lamont 2005; Zhang et al. 2019). However, polyethylene mulch does not adequately
control nutsedge species (Chase et al. 1998; Patterson 1980). Yellow nutsedge is an
exceptionally troublesome perennial weed in polyethylene mulch production because its
morphological features (sharp leaf tip and strong midrib) allow it to puncture plastic mulch,
greatly diminishing the plastic's durability and longevity in addition to competing with crop
(Adcock et al. 2008; Santos et al. 1997). The resulting loss of integrity of the plastic mulch
due to punctures allows other broadleaf and grass weed species to emerge on raised beds,
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interfering with crop growth and causing further reduction in the crop yield. (Norsworthy
et al. 2008). Additionally, production costs are increased due to the loss of multiple
cropping seasons from a single mulch application.
The competitive advantage of nutsedge species over crops is largely attributed to
asexual reproduction and underground perennating tubers (Benedixen and Nandihalli
1987; Stoller and Sweet 1987). A single parent tuber of yellow nutsedge can yield over 360
tubers in 16 weeks (Webster 2005). Previously, the use of methyl bromide and other soil
fumigants had been widespread for controlling pests in polyethylene mulch production
systems (Duniway 2002; Schneider et al. 2003). The phaseout of the methyl bromide due
to health and environmental concerns has resulted in numerous studies to find other
effective strategies for controlling soil-borne phytopathogen and weeds. (Blok et al. 2000;
Butler et al. 2014; Guo et al. 2017; Momma et al. 2013; Muramoto et al. 2016; Shrestha et
al. 2018; Strauss and Kluepfel 2015). In polyethylene mulched vegetable production, the
application of herbicides, as a pre-mulch or through a drip irrigation system, has provide
unique tools for weed control (Dittmar et. al 2012; Miller and Dittmar 2014). However,
with the lack of effective herbicide options in specialty crops and an increase in
documented cases of herbicide resistance, the future of reliance on herbicide-based weed
management programs is uncertain (Fennimore and Cutulle 2019). Therefore, there is a
need to develop new strategies to effectively provide an integrated weed management
system.
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Anaerobic soil disinfestation (ASD) is a biologically driven method for controlling
soilborne diseases, nematodes and potentially weeds. ASD is facilitated by adding carbonrich amendments to the soil, tarping with a vapor impermeable cover (polyfilm) and
saturating the soil under the film with water. This creates an anaerobic environment that
reduces or totally eliminates many of the aerobic plant pathogens (Blok et al. 2000; Butler
et al. 2014; Shrestha et al. 2018; Strauss and Kluepfel et al. 2015). Several studies reported
that the shift in the microbial community, evolution of volatile organic compounds,
lowered pH and anaerobic conditions contribute to pest mortality (Hewavitharana and
Mazzola 2016; Shrestha et al. 2018; Testen and Miller 2018). Mixed results have been
seen in terms of ASD effects on weed control. While ASD with carbon sources such as
composted poultry litter and molasses reported unacceptable level of nutsedge control (Di
Gioia et al. 2016), the addition of a herbicide enhanced weed control (Guo et al. 2017).
Another ASD study reported carbon source treatments reduced yellow nutsedge tuber
sprouting and reproduction (Shrestha et al. 2018). Overall, variations in carbon sources,
temperature, integration process, soil composition, and weed species have all been
identified as key factors influencing weed control in previous ASD studies. (Butler et al.
2012; Di Gioia et al. 2016; Guo et al. 2017; Khadka et al. 2020; Shrestha et al. 2018; Singh
et al. 2020).
Mustard seed meal, a byproduct of the oil extraction process of Brassica crops,
contains a class of secondary plant metabolites called glucosinolates. Allelopathic
compounds such as isothiocyanates (ITC) form by the degradation of glucosinolates, which
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suppress certain weed species (Peterson et al. 2001). Molasses is a common carbon source
used to facilitate ASD in southeastern states such as Florida (McCarty et al. 2014).
Halosulfuron is a systemic sulfonylurea herbicide that inhibits acetolactate
synthase, a key enzyme in the biosynthesis of the branch-chained amino acids (Zheng et
al. 2008). While POST (post-emergence) applications of halosulfuron exhibit better control
of nutsedge, PRE (pre-emergence activity) on nutsedge has also been documented (Adcock
et al. 2008; Dittmar et al. 2012). Yellow nutsedge control efforts aimed at the soil weed
seed/tuber banks with ASD and subsequent suppressions of new plant and foliage growth
with halosulfuron may lead to consistent outcomes. The use of a combination of mustard
meal, molasses and halosulfuron in ASD may provide acceptable nutsedge control through
the additive, synergistic and/or cumulative action of tactics that may not be effective when
used alone.
The goal of this proof of concept greenhouse study was to investigate the potential
of ASD driven weed control in combination with halosulfuron. Specifically, the objective
is to identify the optimal carbon source/herbicide combination for the control of yellow
nutsedge in an ASD environment.

Material and Methods
Greenhouse experiments were conducted at Clemson University Coastal Research
and Education Center (CREC), Charleston, SC, USA (32.794091, -80.068349).
Experiments were conducted twice, with Trial 1 initiated on February 15, 2020 and Trial
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2 initiated on May 18, 2020. Average daily maximum/minimum or day/night temperatures
of greenhouses were 26±2/19±1C and 32±2/19±1C for Trials 1 and 2, respectively. The
average daylength was 11 h 29 min and 14 h 9 min in Trial 1 and 2, respectively.

Experimental Setup
The soil used in the study was characterized as Charleston loamy fine sand (thermic
Aquultic Hapludalfs) with pH 6.4 and 0.8 % soil organic matter. The soil was collected
from the surface horizon (0 to 15 cm) at the USDA Organic Crops Unit in Charleston and
passed through a 4 mm sieve. The experiments were designed as a randomized complete
block design (RCBD) with three replications. Equal amounts of soil were placed in 19,000
cm3 buckets (37 cm height and 30 cm top diameter), which were used as the experimental
units. The treatments were structured as a factorial with 2 carbon sources (carbon source no carbon amendment) by 3 herbicides (halosulfuron PRE, halosulfuron POST and no
halosulfuron) and 2 polyfilm cover (polyfilm cover - no polyfilm cover). No carbon source,
no polyfilm cover (aerobic conditions) and no carbon source, polyfilm cover (anaerobic
conditions) treatments served as controls.

Treatment Applications
Mustard meal (PESCADERO GOLD Mustard meal, Farm Fuel Inc., Watsonville,
CA, USA) was mixed in the upper 0- 20 cm soil in the buckets at the rate of 2,100 kg ha-1
and liquid molasses (Unsulfured Blackstrap Molasses, North Georgia Still Co., Dahlonega,
GA, USA) at the rate of 14,000 L ha-1. Before application, liquid molasses was diluted with
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water (1:1 on v/v basis) to ease application and poured onto soils. Rates of carbon
amendments were based on the results of preliminary studies optimizing carbon sources
for weed control in ASD environment (Singh et al. 2020). All the experimental units were
seeded with 20 yellow nutsedge tubers within the first 15 cm depth.

Oxidation-Reduction Potential (ORP) Sensors Installation, Herbicide Applications and
ASD Initiation
Oxidation-reduction potential sensors (Pt combination electrodes, Ag/AgCl
reference; Sensorex, Garden Grove, CA, USA) were installed in the center of all buckets
at a 15-cm depth to monitor anaerobic soil conditions. A data logging system (CR-1000X
with AM 16/32 multiplexers, Campbell Scientific, Logan, UT, USA) was used to record
the outputs from the sensors which monitored readings every 30 s and averaged on an
hourly basis.
The PRE herbicide treatment, halosulfuron (Sandea®, Gowan Company, Yuma,
AZ, USA) was applied at a rate of 70 g ai ha-1. The herbicide was applied with a backpack
sprayer (Bellspray Inc., Opelousa, LA) calibrated to deliver 200 L ha-1 water carrier
volume. The boom was equipped with 8002VS nozzles pressurized to 275 kPa (Teejet
Technologies, Wheaton, IL) spaced 50 cm apart. All buckets were irrigated to saturation
with tap water based on calculated air-filled pore space, immediately covered the assigned
polyfilm cover treatments with a transparent 38-μm polyethylene film (TriEst Ag Group,
Greenville, NC) and sealed using heavy-duty rubber bands (Global industries, Buford, GA,
USA). Polyfilm cover was used to provide the anaerobic conditions. Buckets were arranged
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in a completely randomized design on greenhouse benches and left undisturbed for the 4
wk ASD treatment period. The measured weight of all saturated soil in buckets was
approximately 33 kg. The ASD treatment ended on March 15, 2020 in Trail 1 and on June
18, 2020 in Trial 2, with the removal of the polyfilm cover from buckets. The POST
herbicide treatment, halosulfuron was applied at a same rate as PRE application,
immediately when the polyfilm cover was removed from buckets.

Data Collection
ASD was conducted for a 4 wk period and was terminated by removing the polyfilm covers
from the buckets. Subsequently POST application treatments of halosulfuron were applied.
In this study, weed infestation was evaluated twice. The first evaluation was conducted
immediately after ASD period, when the polyfilm covers were removed from buckets and
the second 12 days after POST halosulfuron application. Weed ratings consisted of percent
yellow nutsedge control and shoot count per experimental unit. Percent yellow nutsedge
was estimated by visual observations on a scale of 0% to 100%, by comparing weed
infestation between untreated and treated experimental units in each replication, where 0%
weed control refers to untreated treatments and 100% refers to complete weed mortality in
a bucket.

Data Analysis
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All data was subjected to analysis of variance using mixed model methodology (JMP v.
14, SAS, Cary, NC, USA). Carbon source, herbicide treatment, plastic cover, Trial run,
and all interactions between these effects were considered fixed while replication was
considered random. Data were pooled for both Trials when there was no treatment by Trial
interaction. Means were separated using Tukey Kramer’s HSD test.

Results and discussion
Redox potential data were pooled across both runs, as there was no treatment by
Trial interaction. Percent yellow nutsedge control, individual weed counts, were different
between Trial runs; therefore, data are presented separately. The data collected 0 days after
polyfilm cover removal in both Trials was statistically similar to the data collected 12 days
after polyfilm cover removal, with the exception of the POST halosulfuron treatment and
control (no carbon source polyfilm cover). As a result, we illustrate the effects and P values
of data obtained 12 d after polyfilm cover removal or POST halosulfuron application;
however, complete data sets are provided in Tables 3.3 and 3.4.

Redox Potential Measurements (Anaerobic conditions)
Redox potential readings recorded on an hourly basis throughout the 4 wk ASD
period and averaged to quantify typical anaerobic conditions. The value, <200 mV was
selected as the level below which the soil was considered anaerobic (Butler et al. 2014;
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Fiedler et al. 2007). Carbon source, polyfilm cover and their interaction had a significant
effect on accumulated soil anaerobic conditions (P value < 0.05, Table 3.1). Higher
anaerobic soil conditions were achieved in treatments containing mustard meal/molasses
and polyfilm cover (Table 3.2) compared to all other treatments. The addition of
halosulfuron PRE to carbon source and polyfilm had no negative impact on the anaerobic
conditions and ASD (Table 3.2). Accumulated anaerobic conditions are reported as a key
indicator for successful weed control in ASD (Guo et al. 2017).

Yellow Nutsedge Control
Yellow nutsedge appeared as the dominant weed in both Trials. Carbon source,
polyfilm cover, herbicide and all of their interactions had a significant effect on percent
yellow nutsedge control in both Trials (P value < 0.001, Table 3.1). In both Trials,
combining mustard meal/molasses and polyfilm cover with either halosulfuron application
resulted in at least 98% control of yellow nutsedge (Table 3.3). Similar yellow nutsedge
control was observed in the mustard meal/molasses and polyfilm cover treatment. PRE
halosulfuron application, along with mustard meal/molasses and polyfilm cover, improved
yellow nutsedge control (98 % and 100 % in Trial 1 and 2, respectively, Table 3.3) as
compared to only PRE halosulfuron application and polyfilm cover treatment (77 % and
82 % in Trial 1 and 2, respectively, Table 3.3). Polyfilm cover significantly influenced
weed control in contrast to non-polyfilm cover treatments in both Trials; however, the
effect was more profound in Trial 2, which was subjected to higher temperatures (Table
3.3). Additionally, the increased efficacy of polyfilm cover alone and with mustard
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meal/molasses in Trial 2 may also be associated with day length in the greenhouse and
subsequent temperature increase (Guo et al. 2017). Yellow nutsedge control decreased in
non-amended polyfilm covered treatments from 0 to 12 d after polyfilm cover removal,
while the mustard meal/molasses amended treatments remained constant with no further
shoot emergence, which might be a possible indication that ASD is providing permanent
tuber mortality (Table 3.3). These results indicate that carbon source was more important
for yellow nutsedge control in this experiment when covered with polyfilm cover likely
due to the promotion of anaerobic conditions.

Yellow Nutsedge Shoot Counts
Carbon source, polyfilm cover, herbicide and all the interactions between them had
significant effect in reducing yellow nutsedge shoot counts in both Trials (P value < 0.001,
Table 3.1). In Trial 1, yellow nutsedge shoot counts were significantly reduced with
mustard meal/molasses and polyfilm covering with or without either halosulfuron
application timing when compared to the control (Table 3.4). Interestingly, in Trial 2, no
nutsedge plants were observed in the same treatment scenario. POST halosulfuron
application following polyfilm cover removal significantly suppressed yellow nutsedge
shoot emergence relative to the controls. PRE halosulfuron alone polyfilm covered
treatment resulted in similar (Trial 1) or increased (Trial 2) yellow nutsedge shoot
emergence compared to mustard meal/molasses polyfilm covered treatment (Table 3.4).
These trends might be explained by the more anaerobic conditions generated in both Trials
with the mustard meal/molasses + polyfilm covered treatments (Table 3.2). Soil
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temperature (Butler et al. 2014; Momma et al. 2013; Muramoto et al. 2016) plays a
synergetic

role

in

achieving

ASD-mediated

pest

management,

leading

to

increased weed control, as was observed in Trial 2 (Table 3.4). In Trial 2, more vegetative
growth/shoot counts of yellow nutsedge were observed in the no polyfilm cover treatments,
which can be explained as the effects of increased day length. Daylength is reported as the
main factor that stimulates growth of yellow nutsedge; short photoperiods stimulate
reproductive growth, and long photoperiods stimulate vegetative growth (Jansen et al.
1971). In Trial 1, plants were grown with photoperiods of 9 to 12 h, therefore less
vegetative growth was observed and in Trial 2, photoperiods were longer than 12 h
therefore, more vegetative growth was observed.

Conclusion
Tubers play an important role in the propagation of yellow nutsedge; therefore,
effective control could be achieved by killing all viable tubers. ASD is a preplant soil-based
pest management technique. Halosulfuron and other herbicides used efficiently with ASD
to combat weed infestation, could be an important component in reducing the long-term
population density of yellow nutsedge and similar challenging weeds in polyethylene
mulch vegetable production. This current greenhouse study suggests that ASD used in
combination with POST or PRE halosulfuron applications provides improved weed
control. The carbon source itself in combination with polyfilm used in this study was found
to provide acceptable weed control, which can be seen as a potential biological weed
management technique. However, more research is needed to determine whether ASD kills
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weed seeds/tubers permanently or induces weed seed dormant conditions in the soil.
Furthermore, additional research is needed to examine the potential phytotoxic effects of
these treatments on crop plants. Future studies will focus on implementing more detailed
investigations of these treatments in the field at different locations with multiple soil types.
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TABLES
Table 2.1: Carbon amendments and rates used in the experiment. Rates are given per
hectare basis.
Carbon amendments

Rate per hectare †

Molasses + Chicken manure (MCM)

13.5 m3 + 20343.44 kg

Molasses + Mustard meal (MMM)

13.5 m3 + 2177.91 kg

Molasses + Sweet potatoes (MSP)

13.5 m3 + 2241.25 kg

Molasses + Corn gluten (MCG)

13.5 m3 +1.01 m3

No Carbon Source

_______________

MCM, mustard meal+chicken manure; MCG, molasses+corn gluten; MMM,
molasses+mustard meal; MSP, molasses+sweet potato
†

Molasses and Corn gluten were used in liquid forms; therefore, rate is given in m3 (cubic

meter) and all other carbon sources were in solid form, therefore rate is given in kg
(kilograms).
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Table 2.2: Effects of carbon sources, plastic cover and their interactions on weed control
after 6-week period of ASD pooled across both trial runs†.
Plastic cover

Carbon source

% Weed control‡

Covered

MMM

96 a

MCM

88 ab

MSP

79 bc

MCG

75 c

NCS

45 d

MMM

46 d

MCM

25 e

MSP

15 e

MCG

36 d

NCS

0f

No Plastic Cover

Prob > F
Carbon source

***

Plastic Cover

***

Carbon source x plastic cover

***

MCM, mustard meal + chicken manure; MCG, molasses + corn gluten; MMM, molasses+
mustard meal; MSP, molasses + sweet potato; NS, not significant; **significant at the P ≤
0.01 level; ***significant at the P ≤ 0.001 level.
†
Means within the column followed by the same letter are not significantly different based
on Tukey-Kramer HSD test at the 0.05 probability level.
‡
Control based on visual scale of 0 to 100 by comparing weed infestation between
untreated and treated buckets in each replication, where 0% control refers to
untreated treatments and 100% refers to complete weed mortality.
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Table 2.3: Effects of carbon sources, plastic cover and their interactions on tomato plants
growth transplanted after 0 and 12 DAPR pooled across both trial runs†.
Plastic cover

Carbon
source

Covered

Not Covered

Tomato transplanted 0 DAPR
Shoot

length

Dry

weight

Tomato transplanted 12 DAPR
Shoot length

Dry weight

(cm)

(gm)

(cm)

(gm)

MCM

21.75 b

1.42 ab

24.25 a

1.59 a

MCG

23.25 ab

1.13 bc

25.75 a

1.86 a

MMM

23 ab

1.39 ab

25.51 a

2.01a

MSP

18.12 c

0.83 c

24.12 a

1.61 a

NCS

20.75 b

1.08 bc

23.75 a

1.58 a

MCM

27.75 a

1.97 a

26 a

1.96 a

MCG

24.5 ab

1.63 ab

25 a

1.81 a

MMM

27.25 a

2.03 a

28.25 a

2.29 a

MSP

20.5 b

1.01 bc

25.5 a

2.03 a

NCS

24 ab

1.41 ab

24.5 a

1.77 a

Prob > F
Carbon source

**

***

NS

NS

Plastic Cover

***

***

NS

NS

Carbon source

NS

NS

NS

NS

x Plastic cover

MCM, mustard meal + chicken manure; MCG, molasses + corn gluten; MMM, molasses+
mustard meal; MSP, molasses + sweet potato; DAPR, days after plastic removal; NS, not
significant; **significant at the P ≤ 0.01 level; ***significant at the P ≤ 0.001 level.
†
Means within the column followed by the same letter are not significantly different based
on Tukey-Kramer HSD test at the 0.05 probability level.
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Table 3.1: Significance of P-values for factor main effects and interactions for redox
potential, yellow nutsedge (CYPES) controla and individual weed counts 12 DAPRb or
Post herbicide applications in Trial 1 and Trial 2c.
Factor

CYPES
Trial 1,2d

Trial 1

(mV)e

% control

Carbon source

0.0015*

<.0001*

<.0001*

0.0058*

0.0002*

Herbicide

0.7391

<.0001*

<.0001*

0.0029*

0.0069*

Polyfilm cover

0.0008*

<.0001*

<.0001*

0.0019*

<.0001*

Carbon source X herbicide

0.8298

<.0001*

0.0004*

0.1001*

0.1333

<.0001*

<.0001*

0.4006*

0.0362*

0.6642

<.0001*

<.0001*

<.0001*

0.0734*

Carbon source X herbicide X 0.7183

<.0001*

0.0011*

0.3686*

0.0878

Carbon

source

X

polyfilm 0.0341*

Trial 2

Trial 1

Trial 2

Shoot counts per bucket

cover
Herbicide X polyfilm cover

polyfilm cover
a

Control based on visual scale of 0 to 100 by comparing yellow nutsedge infestation between untreated and treated buckets in each

replication, where 0% control refers to untreated treatments and 100% refers to complete weed mortality.
b

c

Abbreviations: DAPR, days after polyfilm removal.

Trial-by-treatment interaction was significant; therefore, data were analyzed separately for both trials.

d

d

Trial-by-treatment interaction was not significant; therefore, data were combined for both trials.
Abbreviations: mV, millivolt

*Asterisks (*) indicate significant treatment effects. Data were analyzed using mixed model analysis of variance.
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Table 3.2: Effects of Polyfilm cover, carbon source and herbicide treatments on average
soil redox potential recorded during four-week of Anaerobic Soil Disinfestation pooled
across both trial runs.
Polyfilm Cover

Carbon Source

Herbicide

Redox potential (mV)a,b,c

Cover

MMMb

PRE

-160.09 c

POST

-111.14 c

None

-92.12 bc

PRE

206.59 a

POST

173 a

None

252. 55 a

PRE

150.32 ab

POST

195.95 a

None

218.25 a

PRE

201.78 a

POST

259.13 a

None

295.72 a

None

No cover

MMM

None

a

Means followed by same letter within a column are not statistically different according to Tukey-Kramer

HSD test (P ≤ 0.05).
b

Abbreviations: mV, millivolt, MMM, Mustard meal+Molasses

c

Soil conditions typically considered aerobic when redox potential is >200 mV and anaerobic when <200 mV.
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Table 3.3: Percent yellow nutsedge (CYPES) control 0 and 12 DAPRa from buckets in
Trial 1 and Trial 2b.
Polyfilm Cover

Carbon

Herbicide

CYPES controlc,d

Source
Trial 1
0 DAPR

Cover

MMMb

None

No cover

MMM

None

Trial 2

12 DAPR

0 DAPR

12 DAPR

PRE

-----------------------------%------------------------------98 a
98 a
100 a
100 a

POST

98 a

99 a

100 a

100 a

None

86 ab

83 ab

100 a

100 a

PRE

78 b

77 b

83 b

81 b

POST

47 c

78 b

62 bc

83 b

None

50 c

2c

63 bc

30 de

PRE

87 ab

86 ab

53 bc

47 cd

POST

0d

73 b

5d

65 bc

None

0d

0c

10 d

7 ef

PRE

74 b

73 b

47 c

37 d

POST

0d

68 b

0d

67 bc

None

0d

0c

0d

0f

Contrasts (Pr > F)
Carbon source x herbicide POST x polyfilm cover vs.

-

NS

-

NS

-

0.0455*

-

0.0111*

Carbon source x herbicide PRE x polyfilm cover
Carbon source x polyfilm cover vs. herbicide PRE x
polyfilm cover
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Polyfilm cover vs. no polyfilm cover

-

<0.0001*

-

<0.0001*

Herbicide PRE x polyfilm cover vs. herbicide POST x

-

NS

-

NS

polyfilm cover

a

Abbreviations: DAPR, days after polyfilm removal, MMM, Mustard meal+Molasses

b

c

Trial-by-treatment interaction was significant; therefore, data were analyzed separately for both trials.

Control based on visual scale of 0 to 100 by comparing yellow nutsedge infestation between untreated and treated buckets in each

replication, where 0% control refers to untreated treatments and 100% refers to complete weed mortality.
d

Means followed by same letter within a column are not statistically different according to Tukey-Kramer HSD test (P ≤ 0.05).

*Asterisks (*) indicate significant treatment effects.
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Table 3.4: The effects of treatments on yellow nutsedge (CYPES) shoot counts per bucket
0 and 12 DAPRa from buckets in Trial 1 and Trial 2b.
Polyfilm Cover

Carbon Source

Herbicide

CYPES shoot countsc
Trial 1
0 DAPR

12 DAPR

Trial 2
0 DAPR

0 DAPR

-----------------------------%---------------------------Cover

MMM

b

None

No cover

MMM

None

a

0d

2b

0d

0d

POST

2d

2b

0d

0d

None

0d

2b

0d

0d

PRE

5 bcd

10 ab

7 cd

12 bc

POST

7 abc

3b

8 cd

3d

None

8 abc

9 ab

6 cd

11 bc

PRE

3 cd

3b

12 bc

12 bc

POST

13 a

9 ab

26 a

12 bc

None

10 abc

10 ab

24 a

24 a

PRE

4 bcd

3b

19 ab

19 ab

POST

13 a

11 ab

19 ab

17 ab

None

11 ab

17 a

21 ab

21 ab

Abbreviations: DAPR, days after polyfilm removal.

b

c

PRE

Trial-by-treatment interaction was significant; therefore, data were analyzed separately for both trials.

Means followed by same letter within a column are not statistically different according to Tukey-Kramer HSD test (P ≤ 0.05).
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Figures

Figure 1.1: (A) Yellow nutsedge puncturing plastic mulch, (B) Weed infestation in
plastic mulch tomato production at Clemson University Coastal Research and
Education Center, Charleston, South Carolina, USA.

Figure 1.2: ASD procedure in a field setting at Clemson University Coastal Research
and Education Center, Charleston, South Carolina, USA.
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Figure 2.1: Average soil redox potential (mV) recorded during four-week of ASD in soil
treatments amended with molasses + chicken manure (MCM), molasses + corn gluten meal
(MCG), molasses + mustard meal (MMM), molasses + sweet potato (MSP). Data are also
given for no carbon source (NCS) control soil treatments. According to the Tukey HSD
test, bars denoted by different letters are statistically different at p < 0.05. The error bars
represent the standard error of four replicates.
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Figure 2.2: Percent weed control relative to the untreated check taken after plastic removal
from buckets. Control based on visual scale of 0 to 100 by comparing weed infestation
between untreated and treated buckets in each replication, where 0% control refers to
untreated treatments and 100% refers to complete weed mortality. Bars indicated by
different letters are significantly different at p < 0.05 according to Tukey HSD test. Error
bars indicate standard error with four replicates.
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Figure 2.3: The effects of soil treatments on weed
shoot counts per bucket taken after plastic removal
from buckets for (A) Digitaria sanguinalis, (B)
Echinochloa crusgalli (C)Amaranthus palmeri.
Soil amended with molasses + chicken manure
(MCM), molasses + corn gluten meal (MCG),
molasses + mustard meal (MMM), molasses +
sweet potato (MSP). Data are also given for no
carbon source (NCS) control soil treatments.
According to the Tukey HSD test, bars denoted by
different letters are statistically different at p <
0.05. The error bars represent the standard error of
four replicates.
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Figure 2.4: Effect of different ASD treatments on soil population of Ralstonia
solanacearum amended with molasses + chicken manure (MCM), molasses + corn gluten
meal (MCG), molasses + mustard meal (MMM), molasses + sweet potato (MSP). Data are
also given for no carbon source (NCS) control soil treatments. Colony forming units are
converted into Log10 (CFU+1) gm-1 of dry soil. According to the Tukey HSD test, bars
denoted by different letters are statistically different at p < 0.05. The error bars represent
the standard error of four replicates.
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.

Figure 2.5: Effects of treatments on Ralstonia solanacearum.
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